Objective: Renal dysfunction has been linked with increased risk for cognitive impairment and dementia, but studies are conflicting. For that reason, the aim of the present systematic review and meta-analysis is to summarize the best available evidence on the prospective association between potential markers of renal dysfunction and development of cognitive impairment or dementia.
evidence to support the associations between modifiable risk factors and cognitive decline or dementia later in life. 11, 12 The global prevalence of CKD in the general population is estimated to be 8%-16%, with the highest prevalence in older people. 13 Both CKD and dementia are important public health problems with associated poor health outcomes and rising health care costs for our society. 14, 15 A previous meta-analysis found a 39% increased odds for cognitive impairment in patients with CKD. 16 Yet this study included only 6 prospective studies and only reported on estimated glomerular filtration rate (eGFR) as a marker of renal dysfunction, potentially excluding relevant studies using other markers like albuminuria or cystatin C. Therefore, we took a broader approach and systematically reviewed the best available evidence on the prospective association between potential markers of renal dysfunction and development of cognitive impairment or dementia.
METHODS Data sources and searches. The literature search was conducted in Medline, Embase, and Cochrane Database of Systematic Reviews. A deliberate choice was made for a broad search with minimal restrictions in order to harvest all potentially interesting publications. Some markers of renal function were specified within the search term due to their wide use in clinical practice. 17 The search strategy included (1) terms related to predictors (e.g., renal, kidney, albuminuria, creatinine, cystatin), (2) terms for the outcomes (e.g., dementia, Alzheimer disease [AD], cognitive impairment), and (3) specific limitations (i.e., humans, language restrictions). See appendix e-1 at Neurology. org for the complete search strategy.
Study selection. All publications until August 1, 2016, were included that fulfilled the following inclusion criteria: population-based study, prospective design, $100 participants, age $45 years, $1 year follow-up, and cognition/dementia outcomes. Secondary literature (review articles, conference abstracts) and reference lists of publications were also scrutinized.
Data extraction and quality assessment. The selection process followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines (appendix e-2). First, 2 independent raters (S.K., K.D.) screened titles and abstracts for broad suitability and eligibility criteria. Second, 2 independent investigators (I.C., K.D.) reviewed the full-text versions of potentially relevant citations and extracted information such as sample size, setting, age range, follow-up period, outcome (dementia, cognitive impairment, or cognitive decline), predictors (marker of renal dysfunction), and effect estimate, according to a standardized data collection form. Discrepancies were resolved through consensus and discussion with the third reviewer (S.K.). Corresponding authors were contacted if fulltext articles were not available or additional information was required (with 2 reminders in case of nonresponse). Quality aspects were assessed with the Newcastle-Ottawa Scale (NOS). 18 Markers of renal dysfunction. eGFR is expressed as milliliter blood filtered per minute by the functioning nephrons in the kidney, with ,60 mL/min/1.73 m 2 as moderately impaired and ,45 mL/min/1.73 m 2 as moderately to severely impaired kidney function. An eGFR of 60-90 mL/min/1.73 m 2 represents mildly reduced kidney function (stage 2 CKD). In this study, we examine more advanced stages of CKD, namely eGFR levels ,45, 45-59, and ,60 mL/min/1.73 m 2 . eGFR ,60 mL/min/1.73 m 2 is the most common indicator of CKD. 19 eGFR can be derived according to different formulas, usually from serum creatinine (SCr). 20 Albuminuria or proteinuria refers to an abnormal amount of proteins (e.g., albumin) present in the urine. 21 Normally, proteins are retained during the filtration process in the kidneys. Microalbuminuria is defined as excretion of 30-300 mg/ 24 h of albumin, whereas macroalbuminuria is defined as an excretion of more than 300 mg/24 h of albumin. 22 The value of acceptable albumin excretion lies between 2 and 30 mg/24 hours. 23 In addition, albuminuria can be measured by using an albumin-to-creatinine ratio on a random (spot) urine sample. An albumin-to-creatinine ratio of 30 mg/g is considered clinically significant. 24 Cystatin C, a cysteine proteinase inhibitor, is a very small protein produced by all nucleated cells. It is freely filtered by the glomerulus and then metabolized in the tubules. Normal kidney functioning is characterized by a steady cystatin C blood level, whereas high levels of cystatin C indicate kidney dysfunction. 25 Creatinine is a waste product of creatine phosphate in muscles, and is relatively stable over time. An elevated level of SCr (for men .1.2 mg/dL; for women 1.0 mg/dL) may indicate that the kidneys are not working properly. 7 However, SCr does not correlate linearly with eGFR and is a relatively poor measure of renal function. 19 Creatinine clearance (CCl) is the measurement of the amount of creatinine excreted in the urine per unit of time (usually based on a 24-hour urine collection). 17 Data synthesis and analysis. Random-effects meta-analysis was used to generate pooled odds ratios (OR) and their 95% confidence intervals (CI). Tests were 2-sided at an a level of 0.05. Estimates from crude as well as most fully adjusted models available were used. Heterogeneity among studies was assessed using the I 2 statistic. Possible publication bias was assessed by funnel plots and the Egger test. Separate metaanalyses were only conducted for different levels of eGFR and albuminuria. All analyses were done with Stata 13.1 (StataCorp, College Station, TX).
RESULTS
We identified 8,494 abstracts, of which 86 (1%) were included for full-text scrutiny. Of these, 64 were excluded due to article type (e.g., review, editorial), study design (e.g., cross-sectional study), or they were conference abstracts or duplicate records. We contacted 17 authors to obtain full-text articles that were not available to us. Of these, 11 authors responded. The 6 unavailable full-text articles were patient-based studies, conference abstracts, or review articles. In addition, we contacted authors of 20 studies for additional information that was not included in full text, and 10 authors responded. This resulted in 22 prospective population-based studies (figure 1). One additional study was found from cross-references, but this study was excluded after full-text screening. Quality assessment of 22 prospective studies was sufficient (mean NOS score 8.00, SD 0.62, range 7-9).
Renal dysfunction in the population-based studies was based on eGFR, albuminuria, cystatin C, SCr, and CCl. Cognitive functioning was most often defined as a decline in cognition between 2 time points (e.g., change in Mini-Mental State Examination [MMSE] scores). Other outcome measures such as cognitive impairment or dementia were diagnosed based on findings from neuropsychological examinations, clinical evaluations, diagnostic criteria (e.g., DSM-IV 26 ), and review of medical records. If studies investigated dementia subtypes, this was generally based on different criteria for AD dementia (National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria 27 ) and vascular dementia (National Institute of Neurological Disorders and Stroke-Association Internationale pour la Recherche en l'Enseignement en Neurosciences criteria 28 ). All 22 studies and their results are summarized in the table and appendix e-3.
eGFR. Seventeen studies investigated the association between (change in) eGFR and cognitive decline or risk of cognitive impairment/dementia. Ten studies focused on cognitive decline, of which 5 found more decline in cognitive capacity with lower eGFR as time progresses, [29] [30] [31] [32] [33] and 5 studies found no effect. [34] [35] [36] [37] [38] Two of these studies and 1 additional study looked at the association between longitudinal changes in eGFR and cognitive decline. 34, 35, 39 One study found that faster eGFR decline was associated with cognitive decline and incident dementia with a vascular component, 35 1 study reported an association between declining eGFR and a decline in several cognitive domains, 34 and 1 study found that higher eGFR was associated with slower cognitive decline. 39 Five studies focused on cognitive impairment, of which 1 study found an increased risk, 40 and 4 studies found no association. [41] [42] [43] [44] Three studies examined the relation between eGFR and dementia risk, 2 studies found no association between eGFR and dementia risk, 35, 45 while 1 study found an increased risk of all-cause dementia. 46 Rather than eGFR at baseline, age-related change in eGFR and type of dementia might play a role.
In the meta-analysis, a total of 8 studies, representing 36,636 persons, could be included. 31 
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In the meta-analysis, 5 studies, representing 27,805 persons, could be included. 33, 35, 42, 45, 47 Based on the fully adjusted estimates, albuminuria was associated with a 35% increased risk of cognitive impairment or dementia (p 5 0.015; figure 3 ). There was mild to moderate heterogeneity (I 2 5 38.2). There were no signs of publication bias based on visual inspection of the funnel plot (see figure 2 of appendix e-5) and the Egger test (p 5 0.274). Four of these studies reported unadjusted estimates (see figure 4 of appendix e-6). Heterogeneity in outcomes across studies was reduced for adjusted estimates in comparison with unadjusted estimates (I 2 5 38.2% vs I 2 5 74.8%, respectively).
Creatinine. Five studies reported on SCr, of which 2 found an increased risk of cognitive impairment, 40, 41 1 found an increased risk of dementia, 48 1 found a faster rate of cognitive decline, 32 and 1 found that an increase in SCr was associated with more rapid cognitive decline. 39 No meta-analysis could be conducted for this association due to different methods of exposure and outcome formulations across studies. Creatinine clearance. Three studies investigated the association between CCl and cognitive decline or cognitive impairment. The Northern Manhattan Study in 2,172 community-dwelling participants found that persons with a baseline CCl ,60 mL/min showed significantly more decline compared with individuals with a CCl .90 mL/min over the 2.9 years of follow-up. 32 The Health ABC Study in 2,406 elderly individuals found a significant association between CCl (45-59 and ,45 mL/min/ 1.73 m 2 ) and cognitive impairment. 40 The INVADE study demonstrated a significant association between CCl ,45 mL/min/1.73 m 2 and cognitive impairment after 2 years of follow-up. 41 No metaanalysis could be conducted because of differences in exposure and outcome definitions between studies.
Cystatin C. Three studies focused on cystatin C and cognitive impairment or dementia. The Health ABC Study found an increased risk of cognitive impairment among 3,030 older adults if they had high levels of cystatin C. 49 In contrast, in men aged 70 and 77 years from the Uppsala Longitudinal Study of Adult Men, high levels of serum cystatin C were associated with a decreased risk of AD. 50 The Study of Osteoporotic Fractures in 1,332 elderly women found a U-shape association between cystatin C and cognitive impairment, but after adjustment for covariates, these associations were no longer significant. 44 No valid meta-analysis could be conducted due to different methods of exposure (e.g., cutoffs, tertiles, quartiles) and outcome formulations across studies.
DISCUSSION This systematic review and meta-analysis suggested that individuals with albuminuria have, on average, a 35% increased risk of cognitive impairment or dementia. Separate meta-analyses for different levels of eGFR yielded nonsignificant results, possibly due to substantial heterogeneity among studies. The literature on eGFR is mixed in general, with studies showing a positive or no association between low levels of eGFR with cognitive decline or dementia risk. For SCr, tentative evidence suggests an association between elevated SCr levels with faster cognitive decline and higher risk for dementia, but too few high-quality studies exist for meta-analysis. In contrast, the review on cystatin C yielded only 3 studies with different methodology and contradictory results.
The substantial heterogeneity observed in the meta-analyses of eGFR might be due to several Figure 2 Forest plot of population-based prospective studies assessing the relation between estimated glomerular filtration rate (eGFR) <60 mL/min/1.73 m 2 and cognitive impairment or dementia (fully adjusted estimates) CI 5 confidence interval; OR 5 odds ratio.
methodologic issues, such as (1) The exact mechanisms relating renal dysfunction to dementia are not fully understood, but may include shared risk factors, some of which are better documented than others. 9 Traditional risk factors include cardiovascular disease (e.g., myocardial infarction, atrial fibrillation), stroke, type 2 diabetes mellitus, isolated systolic hypertension, age, smoking, and hypercholesterolemia. 9, 51 Other factors include anemia, albumin, and hyperhomocysteinemia, whereas inflammation, oxidative stress, cerebral small vessel disease, silent brain infarcts, microbleeds, and white matter lesions are possible underlying mechanisms leading to cognitive impairment or dementia.
2,9 It seems not surprising that the prevalence of the abovementioned risk factors is higher in patients with CKD than in the general population. 2, 3, [6] [7] [8] On the other hand, CKD also appears to be a risk factor for cardiovascular or cerebrovascular diseases. For instance, persons with renal insufficiency have an increased risk of stroke or carotid atherosclerosis. 52, 53 In addition, a recent MRI study found that renal dysfunction was associated with poor cognitive performance and volume deficits in the brain's white matter. 7 A recent longitudinal study in 600 patients with vascular risk factors found that CKD was related to all-cause dementia independent from vascular risk factors and baseline cerebral small vessel disease. 54 These findings suggest that vascular damage is not the only possible explanation of the association.
We were not able to pool enough studies that reported on cystatin C. A growing body of evidence demonstrated the involvement of cystatin C in neuroprotective processes in the brain, including its colocalization with b-amyloid (Ab) in parenchymal and vascular amyloid deposits, and the inhibition of Ab aggregation and deposition by binding to the amyloid precursor protein or the Ab40 and Ab42 peptides. 55 In addition, the Icelandic form of the hereditary cystatin C amyloid angiopathy is caused by a mutation in the cystatin C gene and is characterized by low levels of serum and CSF cystatin C, intracerebral hemorrhages, stroke, dementia, and death before the age of 40 years. 56 The study by Yaffe et al. 49 found that individuals with high levels of serum cystatin C had a 92% increased risk of developing cognitive impairment over 7 years of follow-up. This is in line with results from the Cardiovascular Health Study Cognition Study, which found that high serum levels of cystatin C were associated with poorer cognitive performance 6 years later, greater prevalence of brain infarcts, more white matter lesions, and lower gray matter volume. However, this study only measured cognition at a single time point. 57 Figure 3
Forest plot of population-based prospective studies assessing the relation between albuminuria and cognitive impairment or dementia (fully adjusted estimates) CI 5 confidence interval; OR 5 odds ratio.
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In contrast, the study by Sundelöf et al. 50 indicated that lower serum levels of cystatin C were associated with increased odds of AD. A recent study demonstrated the presence of low CSF levels of cystatin C in patients with AD in comparison with healthy controls. 58 Although serum levels of cystatin C are presumably more related to renal dysfunction and CSF levels of cystatin C more to AD pathology, it is difficult to establish a one-to-one relationship due to intercorrelations.
On the other hand, it is also possible that a direct neuronal toxicity of the uremic state is involved. 9 Concentrations of uremic toxins in brain areas related to cognition (e.g., thalamus, cerebral cortex) are about 10 times higher in patients with CKD than in healthy people. 59 The aforementioned association with cystatin C might also support the idea of a direct neural toxic effect. 60 Yet it is important to note that the pathways linking CKD and dementia are not mutually exclusive but might work additively or even synergistically. Clearly, more studies into plausible underlying pathways are needed.
The present results for various eGFR levels differ substantially from the findings of a previous metaanalysis by Etgen et al. 16 This inconsistency in findings can be explained by the fact that we only included the most rigorously adjusted model for each study in our analysis of fully adjusted estimates, while some of the risk estimates reported by Etgen et al. were based on crude data, 35, 41 including the large study by Helmer et al., 35 which found almost a significant protective effect of eGFR.
Our study has a number of strengths. By using large population-based studies with prospective designs including long follow-up periods and adjustment for a large number of known confounders, our study adds to the growing evidence that renal dysfunction is an independent risk factor for cognitive impairment or dementia. A number of limitations in this study must also be mentioned. First, most of the included studies used different methods for estimating renal function (e.g., formulas, equations, or sex-specific cutoffs), probably increasing heterogeneity among studies. In addition, most studies assessed kidney function only once, usually at study entry. Yet renal function is complex and dynamic (e.g., day-today variability) and cannot be fully captured at one point in time, potentially leading to exposure misclassification. Since such misclassification is likely nondifferential (i.e., independent from dementia outcome), this might have diluted stronger associations in the population. Future studies should use multiple baselines. In addition, it would be informative to study longitudinal changes in renal functioning in relation to changes in cognitive performance to learn how trajectories correlate over time. We could identify only 3 prospective studies that reported on longitudinal measures of renal function, but due to the differences in applied methodology (e.g., annual eGFR decline, change in logged eGFR), we were unable to pool these results. 34, 35, 39 Second, studies adjusted for different sets of possible confounders (all adjusted minimally for age, sex, and education). For instance, some studies reporting on non-eGFR markers adjusted for eGFR levels while others did not. However, adjusting for eGFR levels had virtually no effect on risk estimates within individual studies. Third, we were unable to include 6 studies (30% of the total included studies) that incorporated markers of renal function as continuous variables in the metaanalyses because of the differences in scaling exposure (e.g., per 0.1 mg/dL increase, decrease of 1 SD), and outcomes (e.g., b coefficients, change per unit increase), next to diversity in cognitive domains tested (e.g., MMSE, Trail-Making Test B). Fourth, various measures were used across studies to operationalize the dichotomous cognitive impairment or dementia outcomes (e.g., MMSE cutoffs, diagnostic criteria). Fifth, although we used fully adjusted models, it is possible that the association is influenced by residual confounding. Sixth, we did not contact authors to conduct additional analyses (e.g., to provide results for specific cutoffs of markers of renal dysfunction not provided in the original article). While this could have increased the number of studies for pooling of data, using only reported estimates increases transparency. Finally, both renal function and cognition may decline with age, making it difficult to separate the effects of aging from a direct effect of renal function on cognition.
Albuminuria was associated with a modestly increased risk of cognitive impairment or dementia. Results for different levels of eGFR were nonsignificant, probably due to heterogeneity across studies. More research is needed to examine whether the association with albuminuria is causal or due to shared mechanisms, and to establish the underlying pathophysiology.
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